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Abstract

:

There has been extensive research on structure and function of fungal cell adhesion molecules, but the most of the work has been about adhesins in Candida albicans and Saccharomyces cerevisiae. These yeasts are members of a single ascomycete order, and adhesion molecules from the six other fungal phyla are only sparsely described in the literature. In these other phyla, most of the research is at the cellular level, rather than at the molecular level, so there has been little characterization of the adhesion molecules themselves. A catalog of known adhesins shows some common features: high Ser/Thr content, tandem repeats, N- and O-glycosylations, GPI anchors, dibasic sequence motifs, and potential amyloid-forming sequences. However, none of these features is universal. Known ligands include proteins and glycans on homologous cells and host cells. Existing and novel tools can exploit the availability of genome sequences to identify and characterize new fungal adhesins. These include bioinformatics tools and well-established yeast surface display models, which could be coupled with an adhesion substrate array. Thus, new knowledge could be exploited to answer key questions in fungal ecology, animal and plant pathogenesis, and roles of biofilms in infection and biomass turnover.
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1. Introduction: The Breadth of the Problem


Adhesion is a first step in biofilm formation as well as in pathogenesis, and so adhesion underlies many consequences of fungal lifestyle, commensalism, and infection. Also, adhesion is a first step in saprophytic interactions, critical for elemental cycling in the biosphere. The role of fungal cell adhesion in pathogenesis of humans is well known, and there is much research in preventing fungal biofilms on epithelia, which can lead to infections. Biofilms on indwelling catheters are a major source of human morbidity and mortality. Fungal adhesion in plant pathogenesis is just as critical, but less studied. Among the million(s) of fungal species that stick to things, the problem is even broader: it is surprising to learn that fungi can adhere to and grow in fuel lines, degrading fuel and creating blockages that can cause engine failures [1,2,3]. There are also rock-bound fungi and lichens [4]. Clearly, the consequences of fungal adhesion are widespread, and knowledge of the adhesins themselves would allow us to rationally design interventions to inhibit harmful interactions and promote beneficial ones. Therefore, this review summarizes the current state of knowledge about fungal adhesins and finishes by pointing to some important needs.



1.1. Some Relevant Reviews


A review on adhesins from fungal pathogens of humans was published in 2013 [5], and a recent chapter by Epstein and Nicholson focuses on adhesion of plant pathogens and secreted fungal “glues” [6]. Another excellent and broad survey is now a decade old [7], as is a biochemically oriented review on adhesins from C. albicans and S. cerevisiae [8]. These resources, together with more recent data, give an idea of what is known, unknown, and what needs to be done.




1.2. Genomics and the Taxonomy of Fungal Cell Adhesion


Thanks to inexpensive genome sequencing and the 1000-fungal genome project, there is now a consensus on fungal phylogeny (Figure 1) [9,10]. There are seven phyla: (1) Ascomycota and (2) Basidiomycota (together these two phyla constitute the superphylum Dikarya), (3) Mucormycota, (4) Zoopagomycota, (5) Blastocladiomycota, (6) Chytridiomycota, and (7) Cryptomycota. The ‘phylum’ Zygomycota is now known to be polyphyletic, so its former members are assigned to other phyla on the basis of sequence similarities.



A February, 2018 expedition down into the Pubmed data-mine reveals biases in cell adhesion research. Of 1.5 × 106 articles that mentioned “fungi”, about 1% included the term “cell adhesion”. Only 3800 articles (0.25%) had “adhesion” in the title. Searches by phylum gave few hits, e.g., only 474 for “ascomycete OR Ascomycota” and 25 for “basidiomycete OR basidiomycota”. Authors are more likely to state the genus and species, so data were mined by the name of the genus. 2200 articles (58% of those with “adhesion” in the title) were about Candida or Saccharomyces, ascomycetous yeasts in the order Saccharomycetales. 384 articles (10%) were about adhesion in the subphylum Pezizomycotina, the filamentous Ascomycota including Aspergillus and Fusarium. 52 articles (1%) were about the third Ascomycota subphylum Taphrinomycotina, which includes AIDS-associated opportunistic pathogen Pneumocystis jirocvecii (formerly P. carinii). Basidiomycota (which includes mushrooms as well as Cryptococcus) accounted for 103 articles (2%). Two other fungal phyla are represented by a single paper [11]. As expected, the sample is also highly biased towards human pathogens. Articles about the top 10 human pathogenic fungi (according to Wikipedia and [5,7]) outnumber the top 10 plant pathogens [6,12] by about 20:1. There were also three adhesion articles on the frog pathogen Batrachochytrium (phylum Chytridiomycota [11,13]) and none about Pseudogymnoascus, the filamentous Ascomycota that is the white-nose syndrome pathogen of bats. In sum, descriptions of adhesins are rare in phyla other than Ascomycota, and especially so in the five phyla that are not Dikarya. Thus, there is an opportunity for bioinformaticians to data-mine the fungal genomes for adhesin-related ORFs.





2. An Incomplete Catalog of Fungal Adhesins


2.1. Ascomycota


2.1.1. Saccharomycotina


The vast majority of well-characterized fungal adhesins are from two genera in this subphylum, Saccharomyces and Candida (Figure 2A, Figure S1, and Table 1). These adhesins are often 600–2500-residues mannoproteins, covalently bound to cell wall glucan through modified GPI anchors. Many have discrete ligand binding domains (Figure 2A1,A3), but some do not (Figure 2A2). They can interact with homologous adhesions on fungi, bacteria, mammalian cells, or abiotic substrates. The binding mechanisms include ligand binding, hydrophobic effect, and amyloid-like protein–protein aggregation. These properties are summarized in Section 3, and extensively described in several review articles [5,6,7,14].




2.1.2. Pezizomycotina


Pezizomycotina including Aspergillus and most of the “top ten” plant pathogens (Figure 1) [12]. Most articles in PubMed with title terms “Aspergillus” and “adhesion” are either about host factors for adhesion or reports of reduced adhesion after specific gene deletions. The deleted genes generally encode intracellular proteins that alter gene expression or cell surface structure, so there is little to help us deduce structure, identity, or function of putative adhesins.



Adhesins from Pezizomycotina


Fungal hydrophobins mediate binding to hydrophobic surfaces, including to plant hosts (Figure 2C and Figure S1) [15,16,17,18]. These are small Cys-rich proteins that self-assemble through amyloid-like interactions and coat the conidial surface in Aspergillus and other filamentous Ascomycota. Hydrophobins are a candidate for a protein expression tag because their self-aggregation provides a convenient method of concentration and purification of tagged macromolecules [16].



Fusarium and Scedosporium are Pezizomycotina human pathogens that appear occasionally in the adhesion literature. (Two Fusarium species also make the plant pathogen top-ten list [12]). A proteomics comparison of adherent and non-adherent strains of F. oxysporum has identified several potential GPI-anchored adhesins (Figure 2A) [19]. There are also identified candidates in Scedosporium boydii [20]. It is clear that such proteomic studies are potentially useful and the adhesins could be more certainly identified by funneling the ORF sequences through the FungalRV server described in Section 4 [21].



There is a clade of carnivorous Pezizomycotina that entrap and consume nematodes. They possess the adhesin Mad1, which has adhesin-like properties including secretion and GPI addition signals, β-aggregation-prone segments, and Cys-rich domains (Figure S1). When expressed in S. cerevisiae, Mad1 mediates binding to insect exoskeleton. Mad1 is under positive selection in the clade (i.e., evolutionary conservation), and so it must be important for survival within the clade [22,23].



The Blastomyces WI-1 gene encodes the Bad-1 adhesin, which has a secretion signal, but no GPI addition signal (Figure 2D) [24]. It is highly repetitive, with 30–40 repeats of a 24-residue sequence with 2 Cys residues and 4 Trp residues, a highly unusual composition. Bad-1 is secreted into the media, then binds back to the cell surface through a C-terminal EGF-like chitin-binding domain. A BLAST Search shows that the chitin-binding domain is common in ORFs and putative adhesins from filamentous Ascomycota, so secretion and rebinding to chitin or glucan may be a common surface attachment motif among fungal adhesins.



Bad-1 has been recently structurally characterized [25]. An N-terminal HHPK sequence binds heparin with low affinity [26]. Mammalian protein disulfide isomerase (PDI) facilitates a major conformational shift by reducing and/or shuffling the native disulfides in each repeat. Tryptophan and basic residues then form ladders of stacked π-bonds that constitute additional heparin binding sites. The resulting activated molecule shows heparin binding at a large number of binding sites, and thus great avidity. This binding inhibits T-cell activation and contributes to immune escape in pathogenesis [26].




Genomics Approaches in Pezizomycotina


Two genomics-based studies illustrate approaches to adhesin identification in Pezizomycotina. One study compared transcripts in clinical isolates of A. fumigatus conidia highly adherent to airway epithelial cells vs. strains with low adherence [27]. Thirty-one transcripts showed robust correlations with adhesion and conidiation time. Of these, AFUA_4G09600 is increased >60-fold in the adherent strains, and it encodes a protein with multiple repeats, a predicted GPI anchor, and no predicted N-glycosylation sites (Figure 2A). Deletions of three of the candidate genes showed reduce adhesion to airway epithelium, although the reduction is not significant for rodB. Adhesion is restored by complementation of the deleted genes.



Another functional genomics approach is based on surface expression of putative adhesins in non-flocculent S. cerevisiae [28]. A. nidulans (An) and A. fumigatus (Af) ORFs with signal sequences and GPI addition sequences are expressed from vectors in a non-adhesive strain of S. cerevisiae. Of these, AnMnpA, AnYpsA, AfMP1, and AfMP2 increase binding to fibronectin-coated beads and surfaces. The same study reports a screen of a cDNA library from A. nidulans, with selection for increased S. cerevisiae binding to fibronectin-coated beads. Among 21 candidate adhesins are MnpA and the glycolytic enzyme, fructose bisphosphate aldolase. Most of the other candidates are intracellular proteins involved in transcription, translation, and wall synthesis. The products of these genes probably affect adhesion by altering the surface of the yeast to make it adhere non-specifically, or by affecting expression of unidentified surface adhesins.





2.1.3. Taphrinomycotina


Taphrinomycotina are the third branch of the Ascomycota tree (Figure 1), and among these, adhesins have been characterized in the fission yeast Schizosaccharomyces and the AIDS-related opportunistic pathogen, Pneumocystis. S. pombe Gsf2 is a galactose-specific lectin with a secretion signal and a GPI addition signal (Figure 2A1). Like Flo11 from Saccharomyces cerevisiae (Sc), it mediates agar invasion and formation of lentiform colonies within the agar [29,30].



From Schizosaccharomyces pombe and S. japonica, Linder and Gustafson identified a family of proteins with Ser/Thr-rich repeats and secretion signals, but none have GPI addition signals [31]. Instead, there are often recognizable lectin-like domains and/or a Schizosaccharomyces-specific domain called DIPSY, located at the C-terminal. The sexual flocculins Map4 and Mam3 are among the identified ORFs (Figure 2E). A subsequent characterization of Map4 shows that it cannot be released from walls with glucanases or reduction of disulfides but is solubilized with hot SDS or by 25 mM NaOH at 37 °C [32]. These characteristics are consistent with a non-covalent association with the wall, or perhaps esterification to glucan hydroxyl groups [33]. Another possibility is that the proteins are wall-bound through β-aggregation-prone sequences (17 sequences in Gsf2, 7 in Map4, and 9 in Mam3), which are prevalent in these adhesins. The Cys residues and C-terminal DIPSY domain are required for aggregation activity. The C-terminal DIPSY region necessary for cell–cell interaction is exposed at the outer surface of the wall.



Pneumocystis adhesins include P. jirocvecii Int1, an RGD-containing protein without a signal sequence, and a C-terminus region similar to the Bud4 GTP-binding protein [34]. Nonetheless, it appears to be expressed on the surface of cells, including when exogenously expressed in S. cerevisiae. Int1 expression in P. jirocvecii or S. cerevisiae mediates Ca2+ dependent binding to fibronectin. Therefore, this protein must be unconventionally secreted into the wall, like the glycolytic enzymes and heat shock proteins in the Saccharomycotina yeasts. Pneumocystis MSG (major surface glycoprotein) family includes about 80 ORFS, each of which can encode a predicted GPI-anchored protein. Only a single version is expressed at any given time, but the expressed versions change with immunological pressure in the host. Msg proteins are highly Cys-rich, and not prone to β-aggregation. Expression on cell walls increases adhesion to alveolar epithelial cells [35].





2.2. Basidiomycota


Relatively few adhesins are known from Basidiomycota. The best studied are those of the encapsulated yeast Cryptococcus (alternate name Filobasidiella) neoformans (alternate species name or variety gatti). A recent review discusses C. neoformans adhesion to A549 epithelial cells [36]. The capsular polysaccharide glucuronoxylomannan has been reported to have both adhesive and anti-adhesive properties. A more conventional adhesin is the mannoprotein MP84, which has a 411-residue ORF with secretion and GPI addition signals as well as N- and O-glycosylation sequences (Figure 2F) [36]. Soluble recombinant MP84 produced in Pichia pastoris binds to A549 lung epithelial cells and inhibits binding of a C. neoformans acapsular mutant to the same cells. These results are consistent with the idea that there is specific and saturable binding to an unknown ligand on A549 cells, and pretreating the cells masks all the ligand sites.



Another potential cryptococcal adhesin is CFL-1 [37,38], a 309-residue Cys-rich ORF with a secretion signal, an EGF domain, and a C-terminal CAAX motif (which can be a signal for isoprenylation [38]). The protein is secreted into the medium and is necessary for intercellular signaling leading to arial filamentation in mating. Its role in adhesion may be in signaling and induction of hyphal adhesins, rather than being an adhesin itself.




2.3. Other Fungal Phyla


The review by Epstein and Nicholson shows some of the diversity in other fungal clades and the Oomycota, which are in the Stramenopile kingdom, but show convergent characters with the fungi [6]. Most of the fungal adhesins are from Ascomycota or Basidiomycota. There is also a unique paper that describes screening fungal genomes for homologs of the GPCR 7-transmembrane receptors ([11]; this paper was the sole paper that included several phyla outside of the Dikarya in the Pubmed search for “adhesion[TITLE] AND fung*”. The paper includes a class of GPCR receptors with long extracellular domains that are known to mediate cell adhesion in mammalian cells. There are 30 novel fungal proteins of this class in Ascomycota, and 2 in Allomyces (Blastocladiomycota). However, none of the fungal homologs has a long enough extracellular domain to be exposed on the wall exterior surface, and therefore these ORFs are not expected to be adhesins. Nevertheless, this approach of looking for homologs of conserved protein classes can in theory yield new candidates for fungal adhesins.





3. Structural Characteristics of Known Fungal Cell Adhesins


3.1. “Typical” Adhesins


GPI-anchored adhesins in S. cerevisiae and C. albicans are the best-characterized fungal adhesion molecules: they are generally large mannoproteins (600–2500 amino acids and similar or greater numbers of sugars; Figure 2A and Figure S1) [8]. Each is synthesized with an N-terminal signal secretion signal, then many have a well-folded N-terminal domain that binds specific peptide or glycan ligands (Figure 2A1). There are Ser/Thr-rich tandem repeats, a long Ser/Thr-rich glycosylated stalk, and a peptide signal sequence that specifies addition of a glycosyl phosphatydylinositol (GPI) C-terminal glycolipid. The GPI anchor is added in the ER, then the glycan is cleaved at the cell surface, and the adhesin becomes crosslinked to cell wall β1, 6 glucan [8,14,39,40]. Homologs of known GPI-anchored adhesins have been identified in other species, and in a few cases they have been functionally assayed [41,42].



There are also C. albicans and S. cerevisiae cell surface GPI proteins such as CaHwp1, CaHwp2, CaPga22, and ScFig2 with similar length and amino acid composition, but without recognized N-terminal domains (Figure 2A2 and Aga1 in Figure 2A3). Many of these are expressed during biofilm formation, are necessary in model biofilm development, and some have demonstrated adhesion activity [43,44,45,46]. Sequence-based searches for homologs of these proteins are particularly prone to false results, because of the preponderance of low complexity regions and lack of recognizable structural domains [47].




3.2. Sequence Characteristics


Figure S1 shows the sequences of an arbitrarily chosen set of 24 adhesins, including several GPI-linked “typical” adhesins. Various sequence motifs are highlighted. The sequence features are summarized in Table 1, which shows that the vast majority have signal sequence (the two missing ones are probably due to database omissions). Twenty-one of the adhesins (88%) have regions with high TANGO β-aggregation potential [48], indicative of the ability to form amyloid-like interactions (see next section), and 18 (75%) have GPI addition signals. Among the domains, 16 (67%) have Cys-rich regions, and 18 (75%) have internal repeats. Most of the adhesins without internal repeats are short proteins. Fifteen adhesins have dibasic motifs, which are potential sites for proteolytic processing. Thus, a “typical” adhesin has a signal sequence, a GPI addition sequence, internal repeats, Cys-rich regions, N-glycosylation sites, and regions with high β-aggregation potential. In the few cases tested, O-glycosylations are extensive in the adhesins [8]. However, note that these “typical” characteristics are based primarily on adhesins from Ascomycota.



3.2.1. N-Terminal Domains


Where fungal adhesins have recognized N-terminal domains, they are well-folded β-sheet domains. These are from several superfamilies: Ig-like invasins [49,50,51], FnIII domains [52], and the PAI-14 carbohydrate-binding lectins [53,54]. Each of these structures is represented in the PDB structural database.




3.2.2. Tandem Repeats


Tandem repeats are common in adhesins and in other cell wall proteins [8,55,56]. There is structural information on the repeats in B. dermatitidis Bad-1, 24-residue disulfide-stabilized structures with a single α-helix [25]. The disulfides are rearranged to activate heparin-binding sites [26]. In another example, modeling of 36-residue repeats from CaAls adhesins shows antiparallel β-sheet domains that have strong hydrophobic effect interactions. These domains unfold under force to further increase hydrophobic surface area [57]. This model can also apply to repeats in ScFlo1. These 50-residue repeats have similar hydrophobicity and unfolding characteristics to those from CaAls. In this case however, unfolding each repeat domain not only increases exposure of hydrophobic surfaces, but also exposes an amyloid core sequence [58,59,60,61]. Adhesion strength increases with the number of tandem repeats [62,63]. Thus, the best-characterized adhesin repeats contribute to hydrophobic effect binding to surfaces and other proteins, as well as amyloid-like aggregation [58,64,65].




3.2.3. Cys-Rich Domains


Many adhesins contain clustered Cys residues in repeat domains (Figure S1). In addition to the Bad-1 heparin binding domains, examples including CX4C and WCPL motifs are present in the S. cerevisiae mating adhesins Aga1 and Fig 2, which interact with each other [66,67,68]. These Cys motifs in the first repeat in ScAga1 form disulfide bonds with ScAga2 subunit and are required for efficient mating [64,65]. Repeat sequences from CaHwp1 contain the same Cys motifs and can substitute for the ScAga1 sequence in chimeric proteins [66].





3.3. Cell Surface Attachments


Many families of well-researched adhesins are attached through GPI anchors modified by transglycosylation to cell wall glycans (Figure 2A). The model adhesins in Figure 2B and E have parts that appear to be enmeshed in the wall matrix, which would follow a model for invertase [69]. It is also possible, but not demonstrated, that adhesins are bound to glucan through ester bonds between carboxylated amino acids and glucan hydroxyl groups [31,33] however also see [32]. Another known attachment is through a chitin-binding domain (drawn as a blue C-terminal domain in Figure 2D; [25]).




3.4. Ligand Specificities


Ligand specificities are extremely diverse but are more often are tested by adhesion to target cells than by screening of defined molecules. Among ligand-binding activities, hydrophobic effect interactions are common and non-specific [5,8,57]. The best characterized of these interactions are in the fungal hydrophobins and CaEap1 [18,70,71]. In contrast, the wall-anchored adhesins with well-folded N-terminal domains usually bind specific ligands in a saturable manner. Such ligands include cell types, peptides, homologous or non-homologous proteins, and glycans expressed by homologous cells or hosts, summarized in Table 1 [5,8,72,73,74,75,76].




3.5. Amyloid-Like Interactions in Fungal Adhesins


Some well-characterized fungal adhesins interact through amyloid-like interactions that constitute long-lived bonds [58,77]. These adhesins use highly stable amyloid-like aggregation to cluster on the cell surface, increasing avidity. There is also evidence to support the idea that such bonds can form between cells to make very strong and long-lived cell–cell interactions [58,78]. It is now well established that CaAls5 functions in this way, as well as the S. cerevisiae flocculins [58,60,61,77]. These interactions depend on presence of short (5–7 amino acid) sequences that can become exposed to solvent, and nucleate formation of β-aggregated amyloid-like plaques of adhesins on the cell surface. Cell–cell binding is inhibited or reversed by anti-amyloid compounds, and in the case of CaAls5 the cell–cell binding is dependent on a specific sequence in the amyloid-forming region (Figure 2A). In CaAls and ScFlo adhesins, the amyloid core sequence is rich in three amino acids: Ile, Val, and Thr. The β-aggregate predictor TANGO identifies similar sequences in many fungal adhesins and potential adhesins (Table 1 and Figure S1) [48]. Speculatively, the formation of β-aggregated surface plaques may be a hallmark of fungal adhesins. Indeed, the C. albicans adhesins that do not have recognizable ligand binding domains are predicted to form amyloid-like interactions that could mediate cell–cell binding. Examples are the C. albicans Hwp family adhesins, Pga22, Pga59, and the GPI-anchored hydrophobin Eap1 [43,70,79,80]. Polyglutamine sequences in some adhesins (Table 1 and Figure S1) may also mediate adhesin self-association through protein–protein aggregation [81,82,83], as well as being substrates for host transglutaminases that crosslink surface-bound adhesins [81,82].




3.6. Cytoplasmic Proteins in Cell Adhesion


Glycolytic enzymes, heat shock proteins, and other cytoplasmic proteins are often localized within yeast cell walls (Figure 2B) [14,84]. These proteins are occasionally identified as adhesins or receptors for mammalian proteins [85,86,87]. Because these proteins have no secretion signal, the processes for secretion and wall association are unknown, as is whether the adhesion activity is fortuitous or important in pathogenesis or commensalism.




3.7. Are There Surface Molecules that Inhibit Adhesion?


Occasionally, an adhesin deletion leads to increased cellular adhesion of the deletant. These “anti-adhesins” show sequence features and motifs that are similar to the adhesins in Table 1. The increased adhesion in deletants could be due to increased expression of other adhesins, alteration of cell wall structure, or interference of the deleted adhesin with another adhesin. We have proposed the third model to explain how a deletion of the long adhesin ScFig2 increases activity of a shorter molecule α-agglutinin (ScSag1) by overtopping and masking [88]. Deletion of the GPI anchored cell wall protein Ywp1 in C. albicans increased adhesion of yeasts and hyphae [89,90]. Similarly, deletion of CaAls5 increases adhesion of the yeast, perhaps by altering the cell surface amyloid-like aggregation in vivo [91]. One of the best described examples is CaPga22, which is an adhesin in its own right, but its overexpression decreases biofilm occupancy of overexpressing cells, and its deletion improves adhesion and biofilm participation [43]. Overexpression or deletion of Pga22 also changes cell wall structure.




3.8. Adhesion and Glycans


A few of the fungal adhesion references document roles of glycans in adhesion. In addition to their roles in fungal glues [6] and as ligands for lectin adhesins [72], they are also necessary for biofilm cohesion [92,93,94], fungal cell binding to surfaces [95], and aggregation of adhesins [96]. β-Glucans are an essential component of the matrix in C. albicans biofilms [45,97,98], and given their prevalence in fungal cell walls and the presence of molecular machinery for their synthesis and secretion, they may well be important in other fungal biofilms. Whether they mediate adhesion is still an open question. An Aspergillus polysaccharide containing galactosamine is essential for fungal binding to anionic surfaces [95]. The gene cluster responsible for synthesis of the polysaccharide is widespread in Pezizomycotina and is also found in a single Basidiomycota, Trichosporon asahii, a human commensal and opportunistic pathogen.



Two recent AFM-based papers describe indirect effects of glycans on adhesion. Host cell glycans are the subject of [96]. This paper shows that glycans of the Candida recognition receptor DC-SIGN, a mannose-specific lectin, are strengthened through glycan-mediated modulation of membrane rigidity, and subsequent stiffening of the cytoskeleton. On the fungal side, the α-mannan analog α1,4mannobiose is uniquely able to structure water to repel an AFM tip coated with the same saccharide [99]. Extra force is needed to promote interpenetration of the tip and substrate glycans and leads to a mannose-mannose association that also requires significant force to break. Thus, surface α-mannans may have the ability to resist approaching molecules and the ability to strengthen mannan–mannan interactions between cells. Therefore, the roles of glycans in cell adhesion include those of ligands for cell adhesion proteins, surface anchors, and modulators of fungal–host interactions [100] and fungal–fungal aggregation.





4. Bioinformatics and Discovery


The Thousand Fungal Genome project provides a large number of potential fungal adhesin sequences [9]. We will need new tools and approaches to make the datamining efficient and accurate.



4.1. Searching Databases for Adhesins


The known fungal adhesins are in several gene families, are highly diverse in sequence, and they evolve faster than other proteins [21,55,101]. Therefore, it is rare to find true homologs from different phyla. As an example, a BLAST search based on the CaAls5 adhesin sequence using NCBI default parameters yielded 75 homologs, all from the C. albicans-related CUG clade, missing the ScSag1, a bona fide member of the ALS gene family. Also, the prevalence of low complexity regions rich in Ser, Thr, and Pro corrupts sequence searches, and calls proteins similar when they merely have similar amino acid composition [47,55]. The adhesins in Table 1 average 30% content for these three residues. Structure-based searches are more sensitive, but computationally more intensive, and there are few atomic-resolution structures on which to base a search [49,52,53,102].



One solution to the lack of query structures is FungalRV (http://fungalrv.igib.res.in/), a fungal adhesin predictor based on hidden Markov model (HMM) machine learning [21]. The input data is amino acid composition and frequency of dipeptides and tripeptides in a “learning set” of known fungal adhesins. The predictor was trained by comparing and contrasting compositional data for known adhesins to the amino acid composition and peptide frequencies of a large set of cytoplasmic proteins. The web server will consider a specific protein sequence, and score it for similarity to known adhesins, with a score of >0 being a positive predictor. Well-characterized GPI-anchored adhesins score at least +2. Standard cutoffs appear to give ~70% accuracy based on known adhesins, a number which probably reduces the number of ORFs to be tested from an entire genome to a few hundred genes. Thus, preliminary prediction of adhesins in a fungal genome is possible.




4.2. Is It Really an Adhesin? Some Approaches


The range of adhesion substrates that fungal cells can bind is unknown. A multiplexing approach to test adhesion to a variety of substrates would be highly useful (Figure 3). A chip or 96-well plate could be coated with a number of potential adhesion substrates, such as proteins, polysaccharides, or other biotic or abiotic materials. Fungi would be incubated with the plates, non-adherent cells washed off, and the plate inspected for adherent cells. Fluorescent labeling of the cells would allow easy automation, including comparing mutant and parental strains.



Mutants may show altered levels or specificities in adhesion, but deletions of upstream effectors also often reduce or increase adhesion, giving false positives [37,45,103]. A demonstration of adhesion activity of the gene product is preferable. In one approach, a fluorescently labeled protein (product of a specific candidate gene) could be screened on the array, as in the current use of lectin identification on glycan arrays [72,104]. Alternately, surface display of exogenous proteins in non-adherent laboratory strains of S. cerevisiae has been successfully used for over a decade [22,73,105]. GPI-anchored cell wall proteins are expressed from plasmids, and are glycosylated, secreted, and anchored in the cell wall. Proteins can also be expressed as fusions to ScSag1 [106]. A more frequently-used system is based on ScAga1-Aga2 surface expression, in which an exogenous protein is expressed as a fusion to Aga2, a 69-residue glycoprotein that is disulfide bonded to the GPI-anchored Aga1 (Figure 2A3) [107,108,109]. These fusion-based approaches have an advantage that they can be used in multiplexed experiments. Candidate genes would be bar-coded and fused to the display vector ScSag1 or ScAga2 sequence [109]. Surface expression would be followed by recovery of DNA from adherent cells and sequencing the fusion protein(s) would then reveal adhesin(s) mediating binding to each active substrate in the array. This technique can identify a range of active adhesins from a fungal genome. Gene expression studies would then catalog the conditions under which each adhesin is expressed.





5. What Do We Not Know?


The list of unknowns is long and can be divided into those that can be investigated with established procedures, and those that will require novel bioinformatic and experimental approaches.



5.1. Problems that Are Currently Soluble


5.1.1. How Many Types of Fungal Adhesins Are There, and How Many in Each Fungus?


It is clear that a genomics-level approach can be a first step to learning whether more diverse fungal genomes contain ORFs homologous to known adhesins, or with characteristics like the known adhesins. Thus genomics-level screenings through FungalRV [21], or searches with recognized domains from fungal adhesins through ConSurf [110] will be informative but will need cross-validation. As an example, a ConSurf search through fungal sequences for homologs of the T-domain amyloid-forming region of CaAls5 gave 1500 hits. This output needs to be screened for false positives caused by low complexity corruption [47,111], consilience with FungalRV [21], and correlated to distribution in the Fungal Tree of Life [9]. The identified ORFs can be catalogued for each of the characteristic features in Table 1. Clearly, a pipeline to analyze genome-level sequences would be highly useful. Genome-based identifications would be confirmed by screening deletion sets or overexpression libraries in each fungus on an adhesion array (Figure 3).




5.1.2. How Widespread Are Amyloid-Based Clustering and Aggregation?


Sequence-based amyloid predictors are sensitive, but over-predict occurrence of functional amyloids, because many amyloid-prone sequences are buried inside stable domains or perhaps interfaces between domains [48,112,113]. Therefore, the genomic screen needs experimental confirmation. A potential easy approach is to assay for surface binding of thioflavin T or other amyloid dyes under shear stress in situ in the organism, or in yeast surface display [58,77,114,115]. It will also be possible to assess adhesion to an array in the presence and absence of inhibitory concentrations of anti-amyloid compounds (Figure 3).




5.1.3. Are There More Roles for Cys-Rich Domains?


The remodeling of Cys-rich domains in Bad-1 lends experimental support to the idea that Cys-rich domains can be refolded at the cell surface. Such remodeling could either activate the adhesin (as in Bad-1) or facilitate covalent bond formation between cells. In the case of Bad-1, binding to heparin on the presence of reduced Cys residues. In other cases are disulfides present to prevent premature activation? Do disulfides mediate covalent integration into cell walls, like ScAga2? Why are some Cys residues and Cys-rich repeats essential and others not so?



For instance, CaPga13 is a GPI anchored surface protein with 5 repeats of a Cys rich sequence and multiple TANGO β-aggregation segments. Despite these primary structure features, CaPga13 protein is not known to be an adhesin, but it has not been assayed in the presence of reducing reagents. Its deletion increases cell surface hydrophobicity, cellular aggregation, and susceptibility to wall-stressing compounds. These phenotypes have been attributed to upregulation of compensating genes [116].




5.1.4. Is There Covalent Bonding between Cells?


There has been little research into whether cell–cell adhesion can lead to covalent bond formation. A rare example is the idea that CaHwp1 is a substrate for mammalian transaminase [81]. Also, covalent crosslinks must occur in the cell wall as fungal cells fuse during mating and other cell fusion events, but do they occur in other cell–cell or cell–substrate interactions? As someone who has tried to remove mildew fungus from bathtub caulk, I am convinced that such bonding must exist. Among the potential intercellular bonds are amides, esters, and disulfides [33,117].




5.1.5. What Are the Roles of Dibasic Sequences?


Are parts of adhesins shed, and if so, do they aggregate to form part of the matrix in biofilms? If the solubilized adhesin peptides have β-aggregating regions, they might self-associate to form crosslinked matrix material, as in bacterial biofilms [118,119].





5.2. Problems that Are Not So Easily Approached


	
How widespread are adhesive glycans and what are their roles [6,93]?



	
Structure and function of surface glues that stick fungi to hosts are open questions. An extreme example would be lichen-associated fungi,-associatedle wo which stick to rocks and have a mutualistic interaction with algae. How are glues related to extracellular matrix components in fungal and mixed fungal-bacterial biofilms [6,45]?



	
What are the functions of “anti-adhesins”, proteins whose deletion leads to increased activity of other adhesins [91]?







5.3. Why Do We Need to Know More?


In these days of worldwide decreased funding for basic research, fungal cell adhesion is not a high priority for funding agencies. So what arguments are there?



5.3.1. Evolution


Mammalian, bacterial, and fungal adhesins share domain structures, so fungal adhesins will continue to serve as models for mammalian adhesion molecules. This idea is supported by the success of yeast surface display in investigations of protein interactions (which after all is an example of adhesion) and ligand panning [73,105]. In addition, the roles of adhesins in biofilm formation appears to recapitulate their roles in organogenesis and development [120,121]. For evolutionary and developmental studies, the identification of specific roles for specific adhesins is a key to deeper understanding [46,66,74,122]. Also, the presence of apparent horizontal gene transfer affecting fungal adhesion in the presence of an adhesion gene complex in a single Basidiomycota genome argues for further investigations [95].




5.3.2. Biofilms


Fungal adhesins are often identified as downstream effectors in developmental transcriptomics and proteomics studies of biofilms [45]. As biofilms develop, there is progression from one adhesin to another [45], and there is limited knowledge about the functional consequences of changes in adhesin expression. A related question is the role of outside-in signaling: How does a cell know it is “stuck down” to a substrate or to a neighboring cell? Quorum sensing is clearly important, but immobilized cells act differently from planktonic ones, and the adhesion itself must be a determinant. Are some adhesins parts of signal pathways, whereas others are not? How does the biofilm program change on different substrata, under different nutritional conditions, and under different biochemical stresses, or under different flow stresses? How does the presence of bacterial and other fungi in biofilms affect the biofilm program, and are the adhesins signalers, or merely downstream effectors? A few studies have begun to address this question [45,123,124]. The possibilities that adhesin-related developmental programs contribute to plant pathogenic biofilms and to saprophytic biofilms imply important roles for adhesins in human food supply and indeed the entire lifestyle of the planet.




5.3.3. Pathogenesis


The questions listed in the Biofilms section above apply equally to pathogenesis. Is there a program of changes in adhesin as an infection progresses? Does that affect pathological biofilm production? If so, how is signaling altered by presence or absence of specific adhesins? Is the adhesin program altered by host immunity stresses? Adhesins can change the host immune response [25,45,125,126]. A recent paper documents differences in host response in different clinical isolates of C. albicans [127], and some of these differences may be due to differences in adhesin expression. If there is a developmental program for adhesins infections, is it relatively constant, or is it different in each host species? Or different in each host individual? Is it different in the presence of co-infection by bacteria or other fungi?






6. A Proposal


So, we return to the question of priorities. Clearly, genomics and big data are economical approaches to solving the problem of the ascomycetous and human-related biases. Data-mining for adhesin signatures can be a starting point, followed by deletion or overexpression studies with a substrate array. Positive identification as an adhesin would require demonstration of adhesive specificity by in vitro methods. In vitro biochemical and biophysical studies tell us a lot about mode of action but are not yet well-adapted to big data approaches. Three-dimensional structural studies are also still difficult for fungal adhesins, which are generally large and highly glycosylated. Therefore, an appropriate goal would be a catalog of adhesin expression during biofilm development and pathogenesis for diverse fungi (or at least diverse Ascomycota and Cryptococcus). Data-mining the results would reveal commonalities among programs, and subsequent experiments to alter the program(s) might demonstrate changes in the course of infections, commensal relationships, or environmental biofilms.








Supplementary Materials


The following are available online at http://www.mdpi.com/2309-608X/4/2/59/s1. Figure S1: Sequences of some cell adhesion proteins and primary structure analyses.





Author Contributions


P.N.L. is responsible for all content.




Acknowledgments


I thank Jeremy Draghi for his insights into bioinformatics and data-mining. Jason Rauceo, Michael J. Cohen, and anonymous referees offered critical and helpful suggestions on the manuscript. This work was supported by Brooklyn College and the City University of New York.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Rauch, M.; Graef, H.; Rozenzhak, S.; Jones, S.; Bleckmann, C.; Kruger, R.; Naik, R.; Stone, M. Characterization of microbial contamination in United States Air Force aviation fuel tanks. J. Ind. Microbiol. Biotechnol. 2006, 33, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Krivushina, A.A.; Chekunova, L.N.; Mokeeva, V.L.; Polyakova, A.V. Micromycetes in fuel tanks of exploiting planes. Mikol. Fitopatol. 2016, 50, 108–114. [Google Scholar]

	



Itah, A.Y.; Brooks, A.A.; Ogar, B.O.; Okure, A.B. Biodegradation of iInternational Jet A-1 aviation fuel by microorganisms isolated from aircraft tank and joint hydrant storage systems. Bull. Environ. Contam. Toxicol. 2009, 83, 318–327. [Google Scholar] [CrossRef] [PubMed]

	



Rola, K.; Osyczka, P.; Kafel, A. Different Heavy Metal Accumulation Strategies of Epilithic Lichens Colonising Artificial Post-Smelting Wastes. Arch. Environ. Contam. Toxicol. 2016, 70, 418–428. [Google Scholar] [CrossRef] [PubMed]

	



De Groot, P.W.; Bader, O.; de Boer, A.D.; Weig, M.; Chauhan, N. Adhesins in human fungal pathogens: Glue with plenty of stick. Eukaryot. Cell 2013, 12, 470–481. [Google Scholar] [CrossRef] [PubMed]

	



Epstein, L.; Nicholson, R. Adhesion and adhesives of fungi and oomycetes. In Biological Adhesives, 2nd ed.; Springer: Cham, Switzerland, 2016; pp. 25–55. [Google Scholar]

	



Tronchin, G.; Pihet, M.; Lopes-Bezerra, L.; Bouchara, J. Adherence mechanisms in human pathogenic fungi. Med. Mycol. 2008, 46, 749–772. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dranginis, A.M.; Rauceo, J.R.; Coronado, J.E.; Lipke, P.N. A biochemical guide to yeast adhesins: Glycoproteins for social and antisocial occasions. Microbiol. Mol. Biol. Rev. 2007, 71, 282–294. [Google Scholar] [CrossRef] [PubMed]

	



Spatafora, J.W.; Aime, M.C.; Grigoriev, I.V.; Martin, F.; Stajich, J.E.; Blackwell, M. The fungal tree of life: From molecular systematics to genome-scale phylogenies. Microbiol. Spectr. 2017, 5. [Google Scholar] [CrossRef] [PubMed]

	



Stajich, J.E. Fungal Genomes and Insights into the Evolution of the Kingdom. Microbiol. Spectr. 2017, 5, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Krishnan, A.; Almen, M.S.; Fredriksson, R.; Schioth, H.B. The origin of GPCRs: Identification of mammalian like Rhodopsin, Adhesion, Glutamate and Frizzled GPCRs in fungi. PLoS ONE 2012, 7, e29817. [Google Scholar] [CrossRef] [PubMed]

	



Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann, R.; Ellis, J.; et al. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 414–430. [Google Scholar] [CrossRef] [PubMed]

	



Rosenblum, E.B.; Poorten, T.J.; Joneson, S.; Settles, M. Substrate-specific gene expression in Batrachochytrium dendrobatidis, the chytrid pathogen of amphibians. PLoS ONE 2012, 7, e49924. [Google Scholar] [CrossRef] [PubMed]

	



Chaffin, W.L. Candida albicans cell wall proteins. Microbiol. Mol. Biol. Rev. 2008, 72, 495–544. [Google Scholar] [CrossRef] [PubMed]

	



Perez, A.; Pedros, B.; Murgui, A.; Casanova, M.; Lopez-Ribot, J.L.; Martinez, J.P. Biofilm formation by Candida albicans mutants for genes coding fungal proteins exhibiting the eight-cysteine-containing CFEM domain. FEMS Yeast Res. 2006, 6, 1074–1084. [Google Scholar] [CrossRef] [PubMed]

	



Reuter, L.; Ritala, A.; Linder, M.; Joensuu, J. Novel Hydrophobin Fusion Tags for Plant-Produced Fusion Proteins. PLoS ONE 2016, 11, e0164032. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, K.; Kitaoka, H.; Park, P.; Ikeda, K. Novel aspects of hydrophobins in wheat isolate of Magnaporthe oryzae: Mpg1, but not Mhp1, is essential for adhesion and pathogenicity. J. Gen. Plant Pathol. 2016, 82, 18–28. [Google Scholar] [CrossRef]

	



Sunde, M.; Pham, C.L.L.; Kwan, A.H. Molecular characteristics and biological functions of surface-active and surfactant proteins. Annu. Rev. Biochem. 2017, 86. [Google Scholar] [CrossRef] [PubMed]

	



Prados-Rosales, R.; Luque-Garcia, J.L.; Martinez-Lopez, R.; Gil, C.; Di Pietro, A. The Fusarium oxysporum cell wall proteome under adhesion-inducing conditions. Proteomics 2009, 9, 4755–4769. [Google Scholar] [CrossRef] [PubMed]

	



Ghamrawi, S.; Gastebois, A.; Zykwinska, A.; Vandeputte, P.; Marot, A.; Mabilleau, G.; Cuenot, S.; Bouchara, J.P. A Multifaceted Study of Scedosporium boydii Cell Wall Changes during Germination and Identification of GPI-Anchored Proteins. PLoS ONE 2015, 10, e0128680. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chaudhuri, R.; Ansari, F.A.; Raghunandanan, M.V.; Ramachandran, S. FungalRV: Adhesin prediction and immunoinformatics portal for human fungal pathogens. BMC Genom. 2011, 12. [Google Scholar] [CrossRef] [PubMed]

	



Wyrebek, M.; Bidochka, M.J. Variability in the Insect and Plant Adhesins, Mad1 and Mad2, within the Fungal Genus Metarhizium Suggest Plant Adaptation as an Evolutionary Force. PLoS ONE 2013, 8, e59357. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Liu, Y.; Zhu, H.; Zhang, K.Q. Phylogenic analysis of adhesion related genes Mad1 revealed a positive selection for the evolution of trapping devices of nematode-trapping fungi. Sci. Rep. 2016, 6, 22609. [Google Scholar] [CrossRef] [PubMed]

	



Brandhorst, T.T.; Wüthrich, M.; Warner, T.; Klein, B. Targeted gene disruption reveals an adhesin indispensable for pathogenicity of Blastomyces dermatitidis. J. Exp. Med. 1999, 189, 1207–1216. [Google Scholar] [CrossRef] [PubMed]

	



Brandhorst, T.T.; Roy, R.; Wüthrich, M.; Nanjappa, S.; Filutowicz, H.; Galles, K.; Tonelli, M.; McCaslin, D.R.; Satyshur, K.; Klein, B. Structure and Function of a Fungal Adhesin that Binds Heparin and Mimics Thrombospondin-1 by Blocking T Cell Activation and Effector Function. PLoS Pathog. 2013, 9, e1003464. [Google Scholar] [CrossRef] [PubMed]

	



Beaussart, A.; Brandhorst, T.; Dufrene, Y.F.; Klein, B.S. Blastomyces virulence adhesin-1 protein binding to glycosaminoglycans is enhanced by protein disulfide isomerase. mBio 2015, 6. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi-Nakaguchi, A.; Sakai, K.; Takahashi, H.; Hagiwara, D.; Toyotome, T.; Chibana, H.; Watanabe, A.; Yaguchi, T.; Yamaguchi, M.; Kamei, K.; et al. Aspergillus fumigatus adhesion factors in dormant conidia revealed through comparative phenotypic and transcriptomic analyses. Cell. Microbiol. 2018, 20. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S. Identification of Fungal Adhesins for the Development of Potential Drug Targets in the Treatment of Aspergillosis; ProQuest Dissertations Publishing: New York, NY, USA, 2011. [Google Scholar]

	



Matsuzawa, T.; Morita, T.; Tanaka, N.; Tohda, H.; Takegawa, K. Identification of a galactose-specific flocculin essential for non-sexual flocculation and filamentous growth in Schizosaccharomyces pombe. Mol. Microbiol. 2011, 82, 1531–1544. [Google Scholar] [CrossRef] [PubMed]

	



Lo, W.S.; Dranginis, A.M. The cell surface flocculin Flo11 is required for pseudohyphae formation and invasion by S. cerevisiae. Mol. Biol. Cell. 1998, 9, 161–171. [Google Scholar] [CrossRef] [PubMed]

	



Linder, T.; Gustafsson, C.M. Molecular phylogenetics of Ascomycotal adhesins-A novel family of putative cell-surface adhesive proteins in fission yeasts. Fungal Genet. Biol. 2007, 1, 485–497. [Google Scholar] [CrossRef] [PubMed]

	



Sharifmoghadam, M.R.; Valdivieso, M.H. The Schizosaccharomyces pombe Map4 adhesin is a glycoprotein that can be extracted from the cell wall with alkali but not with beta-glucanases and requires the C-terminal DIPSY domain for function. Mol. Microbiol. 2008, 69, 1476–1490. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ecker, M.; Deutzmann, R.; Lehle, L.; Mrsa, V.; Tanner, W. Pir proteins of Saccharomyces cerevisiae are attached to beta-1,3-glucan by a new protein-carbohydrate linkage. J. Biol. Chem. 2006, 281, 11523–11529. [Google Scholar] [CrossRef] [PubMed]

	



Kottom, T.J.; Kennedy, C.C.; Limper, A.H. Pneumocystis PCINT1, a molecule with integrin-like features that mediates organism adhesion to fibronectin. Mol. Microbiol. 2008, 67, 747–761. [Google Scholar] [CrossRef] [PubMed]

	



Kutty, G.; England, K.J.; Kovacs, J.A. Expression of Pneumocystis jirovecii major surface glycoprotein in Saccharomyces cerevisiae. J. Infect. Dis. 2013, 208, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Teixeira, P.A.; Penha, L.L.; Mendonca-Previato, L.; Previato, J.O. Mannoprotein MP84 mediates the adhesion of Cryptococcus neoformans to epithelial lung cells. Front. Cell. Infect. Microbiol. 2014, 4, 106. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhai, B.; Lin, X. The link between morphotype transition and virulence in Cryptococcus neoformans. PLoS Pathog. 2012, 8, e1002765. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Tian, X.; Gyawali, R.; Lin, X. Fungal adhesion protein guides community behaviors and autoinduction in a paracrine manner. Proc. Natl. Acad. Sci. USA 2013, 110, 11571–11576. [Google Scholar] [CrossRef] [PubMed]

	



Ao, J.; Free, S.J. Genetic and biochemical characterization of the GH72 family of cell wall transglycosylases in Neurospora crassa. Fungal Genet. Biol. 2017, 101, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Ao, J.; Aldabbous, M.; Notaro, M.J.; Lojacono, M.; Free, S.J. A proteomic and genetic analysis of the Neurospora crassa conidia cell wall proteins identifies two glycosyl hydrolases involved in cell wall remodeling. Fungal Genet. Biol. 2016, 94, 47–53. [Google Scholar] [CrossRef] [PubMed]

	



Yu, S.; Li, W.; Liu, X.; Che, J.; Wu, Y.; Lu, J. Distinct expression levels of ALS, LIP, and SAP genes in Candida tropicalis with diverse virulent activities. Front. Microbiol. 2016, 7. [Google Scholar] [CrossRef] [PubMed]

	



Karkowska-Kuleta, J.; Zajac, D.; Bras, G.; Bochenska, O.; Rapala-Kozik, M.; Kozik, A. Binding of human plasminogen and high-molecular-mass kininogen by cell surface-exposed proteins of Candida parapsilosis. Acta Biochim. Pol. 2017, 64, 391–400. [Google Scholar] [CrossRef] [PubMed]

	



Cabral, V.; Znaidi, S.; Walker, L.A.; Martin-Yken, H.; Dague, E.; Legrand, M.; Lee, K.; Chauvel, M.; Firon, A.; Rossignol, T.; et al. Targeted Changes of the Cell Wall Proteome Influence Candida albicans Ability to Form Single- and Multi-strain Biofilms. PLoS Pathog. 2014, 10, e1004542. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Younes, S.; Bahnan, W.; Dimassi, H.I.; Khalaf, R.A. The Candida albicans Hwp2 is necessary for proper adhesion, biofilm formation and oxidative stress tolerance. Microbiol. Res. 2011, 166, 430–436. [Google Scholar] [CrossRef] [PubMed]

	



Lohse, M.B.; Gulati, M.; Johnson, A.D.; Nobile, C.J. Development and regulation of single- and multi-species Candida albicans biofilms. Nat. Rev. Microbiol. 2018, 16, 19–31. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Bennett, D.; Erdman, S.E. Maintenance of mating cell integrity requires the adhesin Fig2p. Eukaryot. Cell 2002, 1, 811–822. [Google Scholar] [CrossRef] [PubMed]

	



Coronado, J.E.; Attie, O.; Epstein, S.L.; Qiu, W.; Lipke, P.N. Composition-Modified Matrices Improve Identification of Homologs of Saccharomyces cerevisiae Low-Complexity Glycoproteins. Eukaryot. Cell. 2006, 5, 628–637. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Escamilla, A.M.; Rousseau, F.; Schymkowitz, J.; Serrano, L. Prediction of sequence-dependent and mutational effects on the aggregation of peptides and proteins. Nat. Biotechnol. 2004, 22, 1302–1306. [Google Scholar] [CrossRef] [PubMed]

	



Salgado, P.S.; Yan, R.; Taylor, J.D.; Burchell, L.; Jones, R.; Hoyer, L.L.; Matthews, S.J.; Simpson, P.J.; Cota, E. Structural basis for the broad specificity to host-cell ligands by the pathogenic fungus Candida albicans. Proc. Natl. Acad. Sci. USA 2011, 108, 15775–15779. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.; Oh, S.H.; Jones, R.; Garnett, J.A.; Salgado, P.S.; Rusnakova, S.; Matthews, S.J.; Hoyer, L.L.; Cota, E. The peptide-binding cavity is essential for Als3-mediated adhesion of Candida albicans to human cells. J. Biol. Chem. 2014, 289, 18401–18412. [Google Scholar] [CrossRef] [PubMed]

	



Sheppard, D.C.; Yeaman, M.R.; Welch, W.H.; Phan, Q.T.; Fu, Y.; Ibrahim, A.S.; Filler, S.G.; Zhang, M.; Waring, A.J.; Edwards, E.J., Jr. Functional and structural diversity in the Als protein family of Candida albicans. J. Biol. Chem. 2004, 279, 30480–30489. [Google Scholar] [CrossRef] [PubMed]

	



Kraushaar, T.; Bruckner, S.; Veelders, M.; Rhinow, D.; Schreiner, F.; Birke, R.; Pagenstecher, A.; Mosch, H.U.; Essen, L.O. Interactions by the Fungal Flo11 Adhesin Depend on a Fibronectin Type III-like Adhesin Domain Girdled by Aromatic Bands. Structure 2015, 23, 1005–1017. [Google Scholar] [CrossRef] [PubMed]

	



Maestre-Reyna, M.; Diderrich, R.; Veelders, M.S.; Eulenburg, G.; Kalugin, V.; Bruckner, S.; Keller, P.; Rupp, S.; Mosch, H.U.; Essen, L.O. Structural basis for promiscuity and specificity during Candida glabrata invasion of host epithelia. Proc. Natl. Acad. Sci. USA 2012, 109, 16864–16869. [Google Scholar] [CrossRef] [PubMed]

	



Goossens, K.V.; Stassen, C.; Stals, I.; Donohue, D.S.; Devreese, B.; De Greve, H.; Willaert, R.G. The N-terminal domain of the Flo1 flocculation protein from Saccharomyces cerevisiae binds specifically to mannose carbohydrates. Eukaryot. Cell 2011, 10, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Coronado, J.E.; Epstein, S.L.; Qiu, W.; Lipke, P.N. Discovery of Recurrent Sequence Motifs in Saccharomyces cerevisiae Cell Wall Proteins. Match 2007, 58, 281–299. [Google Scholar] [PubMed]

	



Fidalgo, M.; Barrales, R.R.; Ibeas, J.I.; Jimenez, J. Adaptive evolution by mutations in the FLO11 gene. Proc. Natl. Acad. Sci. USA 2006, 103, 11228–11233. [Google Scholar] [CrossRef] [PubMed]

	



Frank, A.T.; Ramsook, C.B.; Otoo, H.N.; Tan, C.; Soybelman, G.; Rauceo, J.M.; Gaur, N.K.; Klotz, S.A.; Lipke, P.N. Structure and function of glycosylated tandem repeats from Candida albicans Als adhesins. Eukaryot. Cell 2010, 9, 405–414. [Google Scholar] [CrossRef] [PubMed]

	



Lipke, P.N.; Klotz, S.A.; Dufrene, Y.F.; Jackson, D.N.; Garcia-Sherman, M.C. Amyloid-Like beta-Aggregates as Force-Sensitive Switches in Fungal Biofilms and Infections. Microbiol. Mol. Biol. Rev. 2017, 82, 17. [Google Scholar] [CrossRef] [PubMed]

	



Chan, C.X.; El-Kirat-Chatel, S.; Joseph, I.G.; Jackson, D.N.; Ramsook, C.B.; Dufrene, Y.F.; Lipke, P.N. Force Sensitivity in Saccharomyces cerevisiae Flocculins. mSphere 2016, 1, e00128-16. [Google Scholar] [CrossRef] [PubMed]

	



Chan, C.X.; Lipke, P.N. Role of force-sensitive amyloid-like interactions in fungal catch bonding and biofilms. Eukaryot. Cell 2014, 13, 1136–1142. [Google Scholar] [CrossRef] [PubMed]

	



El-Kirat-Chatel, S.; Beaussart, A.; Vincent, S.P.; Abellan Flos, M.; Hols, P.; Lipke, P.N.; Dufrene, Y.F. Forces in yeast flocculation. Nanoscale 2015, 7, 1760–1767. [Google Scholar] [CrossRef] [PubMed]

	



Verstrepen, K.J.; Jansen, A.; Lewitter, F.; Fink, G.R. Intragenic tandem repeats generate functional variability. Nat. Genet. 2005, 37, 986–990. [Google Scholar] [CrossRef] [PubMed]

	



Rauceo, J.M.; De Armond, R.; Otoo, H.; Kahn, P.C.; Klotz, S.A.; Gaur, N.K.; Lipke, P.N. Threonine-Rich Repeats Increase Fibronectin Binding in the Candida albicans Adhesin Als5p. Eukaryot. Cell. 2006, 5, 1664–1673. [Google Scholar] [CrossRef] [PubMed]

	



Heinisch, J.J.; Lipke, P.; Beaussart, A.; El Kirat Chatel, S.; Dupres, V.; Alsteens, D.; Dufrene, Y.F. Atomic force microscopy—Looking at mechanosensors on the cell surface. J. Cell Sci. 2012, 125, 4189–4195. [Google Scholar] [CrossRef] [PubMed]

	



Alsteens, D.; Garcia, M.C.; Lipke, P.N.; Dufrene, Y.F. Force-induced formation and propagation of adhesion nanodomains in living fungal cells. Proc. Natl. Acad. Sci. USA 2010, 107, 20744–20749. [Google Scholar]

	



Huang, G.; Dougherty, S.D.; Erdman, S.E. Conserved WCPL and CX4C domains mediate several mating adhesin interactions in Saccharomyces cerevisiae. Genetics 2009, 182, 173–189. [Google Scholar] [CrossRef] [PubMed]

	



Lipke, P.N.; Kurjan, J. Sexual agglutination in budding yeasts: Structure, function, and regulation of adhesion glycoproteins. Microbiol. Rev. 1992, 56, 180–194. [Google Scholar] [PubMed]

	



Shen, M.; Wang, L.; Pike, J.; Jue, C.K.; Zhao, H.; de Nobel, H.; Kurjan, J.; Lipke, P.N. Delineation of Functional Regions within the Subunits of the Saccharomyces cerevisiae Cell Adhesion Molecule a-Agglutinin. J. Biol. Chem. 2002, 276, 15768–15775. [Google Scholar]

	



Tammi, M.; Ballou, L.; Taylor, A.; Ballou, C.E. Effect of glycosylation on yeast invertase oligomer stability. J. Biol. Chem. 1987, 262, 4395–4401. [Google Scholar] [PubMed]

	



Li, F.; Palecek, S.P. Distinct domains of the Candida albicans adhesin EAP1 p mediate cell-cell and cell-substrate interactions. Microbiology 2008, 154, 1193–1203. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Svarovsky, M.J.; Karlsson, A.J.; Wagner, J.P.; Marchillo, K.; Oshel, P.; Andes, D.; Palecek, S.P. Eap1p, an adhesin that mediates Candida albicans biofilm formation in vitro and in vivo. Eukaryot. Cell. 2007, 6, 931–939. [Google Scholar] [CrossRef] [PubMed]

	



Ielasi, F.S.; Alioscha-Perez, M.; Donohue, D.; Claes, S.; Sahli, H.; Schols, D.; Willaert, R.G. Lectin-glycan interaction network-based identification of host receptors of microbial pathogenic adhesins. mBio 2016, 7. [Google Scholar] [CrossRef] [PubMed]

	



Fu, Y.; Rieg, G.; Fonzi, W.A.; Belanger, P.H.; Edwards, E.J., Jr.; Filler, S.G. Expression of the Candida albicans gene ALS1 in Saccharomyces cerevisiae induces adherence to endothelial and epithelial cells. Infect. Immun. 1998, 66, 1783–1786. [Google Scholar] [PubMed]

	



Liu, Y.; Filler, S.G. Candida albicans Als3, a multifunctional adhesin and invasin. Eukaryot. Cell 2011, 10, 168–173. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, R.S.; Brunke, S.; Albrecht, A.; Thewes, S.; Laue, M.; Edwards, J.E.; Filler, S.G.; Hube, B. The hyphal-associated adhesin and invasin Als3 of Candida albicans mediates iron acquisition from host ferritin. PLoS Pathog. 2008, 4, e1000217. [Google Scholar] [CrossRef] [PubMed]

	



Klotz, S.A.; Gaur, N.K.; Lake, D.F.; V, C.; Rauceo, J.; Lipke, P.N. Degenerate peptide recognition by Candida albicans adhesins Als5p and Als1p. Infect. Immun. 2004, 72, 2029–2034. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, M.C.; Lee, J.T.; Ramsook, C.B.; Alsteens, D.; Dufrene, Y.F.; Lipke, P.N. A role for amyloid in cell aggregation and biofilm formation. PLoS ONE 2011, 6, e17632. [Google Scholar] [CrossRef] [PubMed]

	



Lipke, P.N.; Garcia, M.C.; Alsteens, D.; Ramsook, C.B.; Klotz, S.A.; Dufrene, Y.F. Strengthening relationships: Amyloids create adhesion nanodomains in yeasts. Trends Microbiol. 2012, 20, 59–65. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Palecek, S.P. Identification of Candida albicans genes that induce Saccharomyces cerevisiae cell adhesion and morphogenesis. Biotechnol. Prog. 2005, 21, 1601–1609. [Google Scholar] [CrossRef] [PubMed]

	



Nobile, C.J.; Nett, J.E.; Andes, D.R.; Mitchell, A.P. Function of Candida albicans adhesin Hwp1 in biofilm formation. Eukaryot. Cell 2006, 5, 1604–1610. [Google Scholar] [CrossRef] [PubMed]

	



Staab, J.F.; Bradway, S.D.; Fidel, P.L.; Sundstrom, P. Adhesive and mammalian transglutaminase substrate properties of Candida albicans Hwp1. Science 1999, 283, 1535–1538. [Google Scholar] [CrossRef] [PubMed]

	



Staab, J.F.; Bahn, Y.S.; Tai, C.H.; Cook, P.F.; Sundstrom, P. Expression of transglutaminase substrate activity on Candida albicans germ tubes through a coiled, disulfide-bonded N-terminal domain of Hwp1 requires C-terminal glycosylphosphatidylinositol modification. J. Biol. Chem. 2004, 279, 40737–40747. [Google Scholar] [CrossRef] [PubMed]

	



Alberti, S.; Halfmann, R.; King, O.; Kapila, A.; Lindquist, S. A systematic survey identifies prions and illuminates sequence features of prionogenic proteins. Cell 2009, 137, 146–158. [Google Scholar] [CrossRef] [PubMed]

	



Orlean, P. Architecture and biosynthesis of the Saccharomyces cerevisiae cell wall. Genetics 2012, 192, 775–818. [Google Scholar] [CrossRef] [PubMed]

	



Gozalbo, D.; Gil-Navarro, I.; Azorin, I.; Renau-Piqueras, J.; Martinez, J.P.; Gil, M.L. The cell wall-associated glyceraldehyde-3-phosphate dehydrogenase of Candida albicans is also a fibronectin and laminin binding protein. Infect. Immun. 1998, 66, 2052–2059. [Google Scholar] [PubMed]

	



Urban, C.; Sohn, K.; Lottspeich, F.; Brunner, H.; Rupp, S. Identification of cell surface determinants in Candida albicans reveals Tsa1p, a protein differentially localized in the cell. FEBS Lett. 2003, 544, 228–235. [Google Scholar] [CrossRef]

	



Marcos, C.M.; de Fatima da Silva, J.; de Oliveira, H.C.; Moraes da Silva, R.A.; Mendes-Giannini, M.J.; Fusco-Almeida, A.M. Surface-expressed enolase contributes to the adhesion of Paracoccidioides brasiliensis to host cells. FEMS Yeast Res. 2012, 12, 557–570. [Google Scholar] [CrossRef] [PubMed]

	



Jue, C.K.; Lipke, P.N. Role of Fig2p in agglutination in Saccharomyces cerevisiae. Eukaryot. Cell 2002, 1, 843–845. [Google Scholar] [CrossRef] [PubMed]

	



Granger, B.L. Accessibility and contribution to glucan masking of natural and genetically tagged versions of yeast wall protein 1 of Candida albicans. PLoS ONE 2018, 13, e0191194. [Google Scholar] [CrossRef] [PubMed]

	



Granger, B.L. Insight into the antiadhesive effect of yeast wall protein 1 of Candida albicans. Eukaryot. Cell 2012, 11, 795–805. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Oh, S.H.; Hoyer, L.L. Deletion of ALS5, ALS6 or ALS7 increases adhesion of Candida albicans to human vascular endothelial and buccal epithelial cells. Med. Mycol. 2007, 45, 429–434. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, P.S. Biophysics of biofilm infection. Pathog. Dis. 2014, 70, 212–218. [Google Scholar] [CrossRef] [PubMed]

	



Nett, J.; Lincoln, L.; Marchillo, K.; Massey, R.; Holoyda, K.; Hoff, B.; VanHandel, M.; Andes, D. Putative role of β-1,3 glucans in Candida albicans biofilm resistance. Antimicrob. Agents Chemother. 2007, 51, 510–520. [Google Scholar] [CrossRef] [PubMed]

	



Tan, Y.; Ma, S.; Leonhard, M.; Moser, D.; Schneider-Stickler, B. β-1,3-glucanase disrupts biofilm formation and increases antifungal susceptibility of Candida albicans DAY185. Int. J. Biol. Macromol. 2018, 108, 942–946. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.J.; Geller, A.M.; Bamford, N.C.; Liu, H.; Gravelat, F.N.; Snarr, B.D.; Le Mauff, F.; Chabot, J.; Ralph, B.; Ostapska, H.; et al. Deacetylation of fungal exopolysaccharide mediates adhesion and biofilm formation. mBio 2016, 7. [Google Scholar] [CrossRef] [PubMed]

	



Te Riet, J.; Joosten, B.; Reinieren-Beeren, I.; Figdor, C.G.; Cambi, A. N-glycan mediated adhesion strengthening during pathogen-receptor binding revealed by cell-cell force spectroscopy. Sci. Rep. 2017, 7. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, K.F.; Taff, H.T.; Cuevas, M.A.; Reinicke, E.L.; Sanchez, H.; Andes, D.R. Role of matrix beta-1,3 glucan in antifungal resistance of non-albicans Candida biofilms. Antimicrob. Agents Chemother. 2013, 57, 1918–1920. [Google Scholar] [CrossRef] [PubMed]

	



Taff, H.T.; Nett, J.E.; Zarnowski, R.; Ross, K.M.; Sanchez, H.; Cain, M.T.; Hamaker, J.; Mitchell, A.P.; Andes, D.R. A Candida biofilm-induced pathway for matrix glucan delivery: Implications for drug resistance. PLoS Pathog. 2012, 8, e1002848. [Google Scholar] [CrossRef] [PubMed]

	



Abeyratne-Perera, H.K.; Chandran, P.L. Mannose Surfaces Exhibit Self-Latching, Water Structuring, and Resilience to Chaotropes: Implications for Pathogen Virulence. Langmuir 2017, 33, 9178–9189. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, C.A.; de Campos-Takaki, G.M.; Portela, M.B.; Travassos, L.R.; Alviano, C.S.; Alviano, D.S. Sialoglycoproteins in morphological distinct stages of Mucor polymorphosporus and their influence on phagocytosis by human blood phagocytes. Mycopathologia 2013, 176, 183–189. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Qiu, W.; Lipke, P. Accelerated and adaptive evolution of yeast sexual adhesins. Mol. Biol. Evol. 2011, 28, 3127–3137. [Google Scholar] [CrossRef] [PubMed]

	



Goossens, K.V.; Ielasi, F.S.; Nookaew, I.; Stals, I.; Alonso-Sarduy, L.; Daenen, L.; Van Mulders, S.E.; Stassen, C.; van Eijsden, R.G.; Siewers, V.; et al. Molecular mechanism of flocculation self-recognition in yeast and its role in mating and survival. MBio 2015, 6, 15. [Google Scholar] [CrossRef] [PubMed]

	



Nobile, C.J.; Mitchell, A.P. Microbial biofilms: E pluribus unum. Curr. Biol. 2007, 17, 349. [Google Scholar] [CrossRef] [PubMed]

	



Lipke, P.N. Glycomics for microbes and microbiologists. mBio 2016, 7. [Google Scholar] [CrossRef] [PubMed]

	



Gaur, N.K.; Klotz, S.A. Expression, cloning, and characterization of a Candida albicans gene, ALA1, that confers adherence properties upon Saccharomyces cerevisiae for extracellular matrix proteins. Infect. Immun. 1997, 65, 5289–5294. [Google Scholar] [PubMed]

	



Gonzalez, M.; Goddard, N.; Hicks, C.; Ovalle, R.; Rauceo, J.M.; Jue, C.K.; Lipke, P.N. A screen for deficiencies in GPI-anchorage of wall glycoproteins in yeast. Yeast 2010, 27, 583–596. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Wang, T.; Zhang, J.; Liu, Q.; Wang, L.; Chen, P.; Wang, F.; Li, H.; Xiao, Y.; Zhao, X. Display of heterologous proteins on the Saccharomyces cerevisiae surface display system using a single constitutive expression vector. Biotechnol. Prog. 2014, 30, 443–450. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Mathias, A.; Stavrou, S.; Neville, D.M., Jr. A new yeast display vector permitting free scFv amino termini can augment ligand binding affinities. Protein Eng. Des. Sel. 2005, 18, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Younger, D.; Berger, S.; Baker, D.; Klavins, E. High-throughput characterization of protein-protein interactions by reprogramming yeast mating. Proc. Natl. Acad. Sci. USA 2017, 114, 12166–12171. [Google Scholar] [CrossRef] [PubMed]

	



Ashkenazy, H.; Abadi, S.; Martz, E.; Chay, O.; Mayrose, I.; Pupko, T.; Ben-Tal, N. ConSurf 2016: An improved methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res. 2016, 44, 344. [Google Scholar] [CrossRef] [PubMed]

	



Coronado, J.E.; Mneimneh, S.; Epstein, S.L.; Qiu, W.G.; Lipke, P.N. Conserved processes and lineage-specific proteins in fungal cell wall evolution. Eukaryot. Cell 2007, 6, 2269–2277. [Google Scholar] [CrossRef] [PubMed]

	



Rousseau, F.; Schymkowitz, J.; Serrano, L. Protein aggregation and amyloidosis: Confusion of the kinds? Curr. Opin. Struct. Biol. 2006, 16, 118–126. [Google Scholar] [CrossRef] [PubMed]

	



Goldschmidt, L.; Teng, P.K.; Riek, R.; Eisenberg, D. Identifying the amylome, proteins capable of forming amyloid-like fibrils. Proc. Natl. Acad. Sci. USA 2010, 107, 3487–3492. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Sherman, M.C.; Lysak, N.; Filonenko, A.; Richards, H.; Sobonya, R.E.; Klotz, S.A.; Lipke, P.N. Peptide detection of fungal functional amyloids in infected tissue. PLoS ONE 2014, 9, e86067. [Google Scholar] [CrossRef] [PubMed]

	



Lipke, P.N.; Ramsook, C.; Garcia-Sherman, M.C.; Jackson, D.N.; Chan, C.X.; Bois, M.; Klotz, S.A. Between Amyloids and Aggregation Lies a Connection with Strength and Adhesion. New J. Sci. 2014, 2014, 815102. [Google Scholar] [CrossRef] [PubMed]

	



Gelis, S.; de Groot, P.W.; Castillo, L.; Moragues, M.D.; Sentandreu, R.; Gómez, M.M.; Valentín, E. Pga13 in Candida albicans is localized in the cell wall and influences cell surface properties, morphogenesis and virulence. Fungal Genet. Biol. 2012, 49, 322–331. [Google Scholar] [CrossRef] [PubMed]

	



Cappellaro, C.; Baldermann, C.; Rachel, R.; Tanner, W. Mating type-specific cell-cell recognition of Saccharomyces cerevisiae: Cell wall attachment and active sites of a- and alpha-agglutinin. EMBO J. 1994, 13, 4737–4744. [Google Scholar] [PubMed]

	



Serra, D.O.; Richter, A.M.; Klauck, G.; Mika, F.; Hengge, R. Microanatomy at cellular resolution and spatial order of physiological differentiation in a bacterial biofilm. mBio 2013, 4, 103. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.R.; Price, J.E.; Burby, P.E.; Blanco, L.P.; Chamberlain, J.; Chapman, M.R. The Production of Curli Amyloid Fibers Is Deeply Integrated into the Biology of Escherichia coli. Biomolecules 2017, 7, 75. [Google Scholar] [CrossRef] [PubMed]

	



Steinberg, M.S. Differential adhesion in morphogenesis: A modern view. Curr. Opin. Genet. Dev. 2007, 17, 281–286. [Google Scholar] [CrossRef] [PubMed]

	



Watnick, P.; Kolter, R. Biofilm, city of microbes. J. Bacteriol. 2000, 182, 2675–2679. [Google Scholar] [CrossRef] [PubMed]

	



Nobile, C.J.; Schneider, H.A.; Nett, J.E.; Sheppard, D.C.; Filler, S.G.; Andes, D.R.; Mitchell, A.P. Complementary adhesin function in C. albicans biofilm formation. Curr. Biol. 2008, 18, 1017–1024. [Google Scholar] [CrossRef] [PubMed]

	



Nobbs, A.H.; Vickerman, M.M.; Jenkinson, H.F. Heterologous expression of Candida albicans cell wall-associated adhesins in Saccharomyces cerevisiae Reveals differential specificities in adherence and biofilm formation and in binding oral Streptococcus gordonii. Eukaryot. Cell 2010, 9, 1622–1634. [Google Scholar] [CrossRef] [PubMed]

	



Nobile, C.J.; Andes, D.R.; Nett, J.E.; Smith, F.J.; Yue, F.; Phan, Q.T.; Edwards, J.E.; Filler, S.G.; Mitchell, A.P. Critical role of Bcr1-dependent adhesins in C. albicans biofilm formation in vitro and in vivo. PLoS Pathog. 2006, 2, e63. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Sherman, M.C.; Lundgren, T.; Sobonya, R.; Lipke, P.N.; Klotz, S.A. A Unique Biofilm in Human Deep Mycoses: Fungal Amyloid is bound by Host Serum Amyloid P Component. NPJ Biofilms Microb. 2015, 1, 15009. [Google Scholar] [CrossRef] [PubMed]

	



Klotz, S.A.; Sobonya, R.E.; Lipke, P.N.; Garcia-Sherman, M.C. Serum Amyloid P Component and Systemic Fungal Infection: Does It Protect the Host or Is It a Trojan Horse? In Open Forum Infectious Diseases; Oxford University Press: Oxford, UK, 2016. [Google Scholar]

	



Schonherr, F.A.; Sparber, F.; Kirchner, F.R.; Guiducci, E.; Trautwein-Weidner, K.; Gladiator, A.; Sertour, N.; Hetzel, U.; Le, G.T.T.; Pavelka, N.; et al. The intraspecies diversity of C. albicans triggers qualitatively and temporally distinct host responses that determine the balance between commensalism and pathogenicity. Mucosal Immunol. 2017, 10, 1335–1350. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 04 00059 g001 550] 





Figure 1. Fungal phylogenetic tree (adapted from [10]) showing the phyla (bold font) and subphyla. In red are the names of some genera whose cell adhesion has been studied. The genera marked * include common human pathogens, and genera marked p include top 10 plant pathogens. On the right is the fraction of papers attributable to each clade that include “adhesion” in the title. 
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Figure 2. Cartoon models of some fungal adhesins, illustrating different domain arrangements and cell wall associations. A cell wall is shown as blue lines, representing glucan polymers. For each cartoon, abbreviations for the genus and species are in italics: Ca, C. albicans; Sc, S. cerevisiae; Pb, Paracoccidioides braziliensis; Af, Aspergillus fumigatus; Blastomyces dermatitidis; Sp, Schizosaccharomyces pombe, Cn Cryptococcus neoformans. The name of each adhesin is given in Roman font. Hydrophobic domains are filled in yellow. Potential amyloid-forming β-aggregation core sequences are shown as red zigzags; O-linked glycosylations are short green lines, N-glycans are longer green lines. C represents Cys-rich sequences in ScFig2 (A2) and AfRodB (C), and CW the Cys/Trp-rich domains in Bad-1 (D). Adhesins labeled (A) are covalently attached to the wall through modified GPI anchors, and (F) may be as well. The other sub-figure indices (B through E) show other cell wall attachment modes and are described in the text. 
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Figure 3. A fungal cell adhesion array would consist of a plate with different adhesion substrates printed or attached to the surface. Cells expressing adhesins would be incubated with the plate, and adherent cells scored for adherence after washing. The specific example shown shows two populations of cells labeled with red and green fluorescence, and the non-overlapping (red or green) or overlapping (yellow) adherence specificities. 
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Table 1. Summary of sequence-based features in fungal adhesins based on sequences in Figure S1. Each entry signifies presence of that feature in a specific adhesin. Columns show sequence length; presence of predicted secretion signal and GPI addition signals; presence of Cys-rich regions (CW denotes regions rich in Cys and Trp); presence of tandem repeats; dibasic sequences are KK, RR, KR, and RK; TANGO prediction of β-aggregation potential ≥10%; presence of ≥3 sequential Q residues; and known ligands (“Φ” represents hydrophobic effect binding); “?” denotes unknown or uncertain assignments. Organisms: Ca, Candida albicans; Sc, Saccharomyces cerevisiae; Af, Aspergillus fumigatus; Po, Pleurotus ostreatus; Ao, Arthrobotrys oligospora; Bd, Blastomyces dermatitidis; Pj, Pneumocystis jirocvecii; Sp, Schizosaccharomyces pombe; Cn, Cryptococcus neoformans.
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